We demonstrate that the magnetic nanoskyrmion lattice on the Fe monolayer on Ir(111) and the positions of the Fe atoms can be resolved simultaneously using magnetic exchange force microscopy.
Magnetic skyrmions are quasiparticles with a non-trivial spin texture [1] , that features an integer non-zero winding number, and are stabilized by the Dzyaloshinsky-Moriya interaction (DMI) [2, 3] . Recently, they have been observed in bulk materials [4] [5] [6] as well as in ultrathin films [7] [8] [9] [10] [11] . Magnetic skyrmions can be manipulated in various ways and thus are promising candidates for magnetic data storage applications or other spintronic devices and hence attract a lot of attention [12] [13] [14] [15] . Compared to magnetic bubbles [16] , which are stabilized by the long-range magnetostatic dipolar interaction, magnetic skyrmions are usually much smaller, especially in ultrathin films where the interfacial DMI can be of significant strength [8, 17] .
Hitherto, the smallest magnetic skyrmions (nanoskyrmions) have been observed using spin-polarized scanning tunneling microscopy (SP-STM) [18] in the Fe monolayer on Ir(111), where they form a square lattice with a periodicity of about 1 nm [7, 8, 19] . Unlike in other skyrmion systems, this lattice is the magnetic ground state and not a metastable phase that only exists at certain temperatures and ranges of magnetic field. Up to now, highresolution studies of non-collinear spin textures down to the atomic scale could only be performed with SP-STM and thus were limited to conductive sample systems. However, recently magnetic skyrmions have been discovered in insulating oxide systems as well [6] , and therefore techniques capable of resolving non-collinear spin states with atomic resolution on non-conductive samples are of significant interest.
Here, we report magnetic exchange force microscopy (MExFM) results obtained on the well-known Fe monolayer on Ir(111) as model-type nanoskyrmion system. This atomic force microscopy (AFM) based method has already proven to resolve the spin structure of a collinear antiferromagnetic bulk insulator, namely NiO(001) [20] . Our findings demonstrate that MExFM can be applied in future search for skyrmions in novel types of insulating sample systems. Particularly, we find that MExFM allows the atomic and magnetic structure of the nanoskyrmion lattice to be resolved simultaneously. Therefore, determining the relation between atomic and magnetic structure is much simpler than for SP-STM data [7, 8, 19] . Even in a recent combined SP-STM/MExFM study this could not be achieved [21] . In addition, we utilize the non-collinear spin texture of this sample system to verify experimentally that MExFM can indeed be interpreted using a simple Heisenberg exchange interaction between spins at the tip apex and at the surface [20] .
The MExFM experiments were carried out at low-temperatures (8.2 K) in ultra-high vacuum (UHV) with a home-built atomic force microscope [22] . Additionally, a magnetic field of up to 5 T perpendicular to the sample surface can be applied. All measurements were performed in the non-contact regime using the frequency modulation technique [23] .
In this mode of operation, the cantilever is self-excited with a shaker piezo and oscillates with its resonance frequency f while the amplitude A 0 is kept constant by a feedback circuit that resupplies any dissipated energy by adjusting the excitation amplitude a exc accordingly.
Forces between the tip and sample shift the actual resonance frequency f by ∆f = f − f 0 , where f 0 is the eigenfrequency of the cantilever without any tip-sample interaction. To image the sample surface the tip is scanned line by line across the (x, y) sample surface while ∆f is kept constant. Thus, the z-feedback is constantly adjusting the tip-sample distance z(x, y), which corresponds to the surface topography. The contact potential difference (CPD) between the tip and sample was determined by recording ∆f (U bias )-curves and compensated by applying an appropriate compensation voltage U bias = U CPD to minimize long-range electrostatic interactions. As it has been described previously [24] , these curves were also used to characterize the tips.
MExFM imaging at close proximity was performed with constant height z while additionally keeping a exc constant and recording ∆f (x, y). Thereby, drift and creep related height changes, which are present if the z-feedback is simply switched off and are particularly troublesome at small tip-sample separations, could be avoided. Furthermore, since the dissipation and thus a exc (z) usually increases monotonically with z, this mode of operation is less prone to tip crashes at small tip-sample separations compared to imaging at a constant ∆f . We made sure that no atomic or magnetic site dependent dissipation is present, because otherwise cross-talk between the dissipation channel a exc (x, y) and ∆f (x, y) prevents any straightforward image interpretation.
To prepare a clean tip without localized charges, supersharp Si cantilevers (f 0 ≈ 150 kHz, spring constant k c ≈ 147 Nm −1 and 2 nm nominal tip radius [25] ) were degassed and coated afterwards with a few nm of Ti. In order to obtain a magnetic-sensitive tip, a few nm of Fe were evaporated onto the tip as well. To align the tip magnetization to a well defined outof-plane direction, the external magnetic field oriented perpendicular to the sample surface plane was applied.
The Fe/Ir(111) sample system was prepared by cleaning the single crystal substrate using cycles of oxygen annealing (5.0·10 −8 mbar, heating stepwise to 1440 K) and subsequent Ar Utilizing a magnetically sensitive tip an additional contrast pattern emerges. Figure 2 (left) shows the hexagonal arrangement of atoms and a superimposed larger square lattice. This is the characteristic pattern expected for the nanoskyrmion state. Note that SP-STM images recorded on this particular sample system usually only reveal the magnetic but not the atomic structure [7, 8, 19] . Taking advantage of the tunneling anisotropic magnetoresistance (TAMR) effect [26] , it has been possible to resolve the atomic lattice together with a periodic structure, that is intimately related to the spin texture [8] . However, since this contrast mechanism is related to a modulation of the local density of states due to spin-orbit coupling, it is not possible to distinguish between magnetic moments of the same magnitude pointing in opposite directions [8, 27] . In contrast, MExFM image data on the Fe/Ir(111) system can be interpreted in a more direct manner.
To further evaluate the details of the contrast pattern, we analyze the 2D-FT of the image data visible in the inset of Fig. 2 . Atomic and magnetic structures are represented by outer spots arranged in a hexagon and inner spots arranged in a square, respectively. Assuming pseudomorphic growth, the outer peaks correspond to the lattice constant a hex = 384 pm of the Ir(111) surface [7] . Thus, the lattice constant of the square lattice can be determined to be a sq = (902 ± 18) pm. Clearly, the atomic and magnetic lattices are incommensurate. Comparing the peak heights in the 2D-FT image we find that the ratio between atomic and magnetic signal is close to 1, i.e., 0.83 for this particular data set. Note that this ratio is distance-and tip-dependent. However, we find a similar ratio for the antiferromagnetic ML of Fe in W(001) [28] , also an itinerant system, while on the antiferromagnetic bulk insulator NiO(001) the magnetic contrast is about 3 times weaker than the chemical contrast [20] .
Additionally, we used the magnetic contrast pattern of the nanoskyrmion lattice to verify the previously made assumption in theoretical studies of MExFM contrast formation that the short-range magnetic exchange interaction between tip and sample spins S t and S s can be described by a simple Heisenberg model, i.e., H = J S t · S s with J being the coupling constant [20, [28] [29] [30] . To test this, we assume a commensurate skyrmionic spin texture for the sample as used in Ref. [8] . It represents a very good approximation for the actual incommensurate spin texture and is displayed in Fig. 3 with the experimental corrugation, if we multiply all calculated data points with a single scaling factor. Since J as well as |S t | are unknown, this scaling is required. They could be determined using density functional theory based calculations of the combined tip-sample system as performed in Ref. [28] for the much simpler collinear Fe ML on W(001) system.
Such calculations are beyond the scope of our work presented here. As mentioned above, due to the threefold symmetry of the substrate, three equivalent rotational domains of the skyrmion lattice occur on the surface. In Fig. 4 two different orientations are displayed. They have been observed with the same tip and with identical imaging parameters in close vicinity to each other. Note that the atomic lattice can hardly be perceived in both images. However, the 2D-FT of the image data reveals the characteristic six spots. Clearly, they are at identical positions in both cases, while the four magnetic spots are rotated by 60
• against each other.
In conclusion, our findings demonstrate that MExFM is a new versatile tool to investigate skyrmions (or any other complex spin texture) down to the atomic scale by the measurement of forces only. Thus, it will become possible to specifically search for skyrmions in insulating thin films, which cannot be studied with STM-based methods.
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